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Abstract 

We consider a scenario in which Supersymmetry breaking is communicated to 
the MSSM fields through the interplay of yukawa and gauge interactions. The 
MSSM spectrum resembles that of split SUSY scenarios, but on top of that it 
develops some peculiar features like heavy higgsinos and an inverted hierarchy 
of sfermion masses. The predictions obtained are consistent with the most 
recent LHC SUSY and Higgs boson searches. 
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1 Introduction 

In the last decades Supersymmetry (SUSY) has been considered as one of the most ap- 
pealing extensions of the Standard Model (SM). For sure the presence of superpartners 
has provided one of the most elegant way to solve the so called hierarchy problem associ- 
ated to the SM Higgs boson mass pQ. The Large Hadron Collider (LHC) has been built 
with the aim of investigating those energies at which new physics is expected. Historically 
SUSY was awaited at TeV scale in order to relieve the problem of fine tuning on EW scale. 
However the most recent results have been showing that SUSY, if it does exist, is not so 
close as previously expected. The community is now wondering which possibilities are still 
open to consider it as the correct extension of the SM. 

In the last months LHC SUSY searches have pushed the lower bounds on colored 
sparticles up to the TeV scale. ATLAS [2] and CMS [3] most recent results have showed 
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that both squarks and gluinos must be relevantly heavier than what expected in the pre- 
LHC era. Even if such analyses have been performed in specific frameworks, such as the 
CMSSM, and under specific hypothesis, doubtless at present we do not expect colored 
superpartners lighter than 1 TeV. What SUSY searches have not specifically excluded so 
far is the possible presence of low energy neutralinos or gravitino, for which the strictest 
bounds arise from direct and indirect detection of Dark Matter (DM) [5] . 

The most famous LHC goal is the Higgs boson discovery. The MSSM predicts 1 charged 
and 3 neutral, 2 CP even and 1 CP odd, scalars. The lightest neutral CP even scalar 
corresponds to the SM Higgs boson. The combined recent ATLAS and CMS results based 
on 2fb~ 1 have shown that the windows from 146 GeV to 232 GeV, 256 GeV to 282 GeV 
and 296 GeV to 466 GeV are excluded at 95% CL. A SM Higgs boson heavier than 466 
GeV requires the presence of new physics - typically new fermions - to accommodate 
electroweak precision tests (EWPT) and is not compatible with any SUSY framework. In 
conclusion the solely window 115 - 146 GeV is still open for a SM-like Higgs and, if SUSY 
is the correct SM extension, the Higgs boson has to be found in this range. 

The most recent analysis on LHC data have shown that the preferred hypothetical 
SUSY spectrum is quite peculiar and points in the direction of a scenario close to split 
SUSY [8] or high scale SUSY [9]. Indeed these frameworks may accomodate heavy colored 
sparticles, relatively light neutralinos and a Higgs boson mass around 135 GeV as it has 
been already noticed in some recent papers [10] . What at the moment seems quite clear 
is that if SUSY exists the low scale masses are obtained by a quite large tuning of the 
parameters. This means that the fine tuning principle has to be reassessed if taken as a 
guideline in model building. 

Here we present a new SUSY breaking framework in which the spectrum so far sketched 
is naturally achieved. In our scenario SUSY breaking is communicated via the combined 
effect of yukawa and gauge mediation. In particular we revisit in a minimal version the 
old idea of yukawa-gauge mediation [11]. The paper is organized as follows: in section [2] 
we describe the mechanism of SUSY breaking mediation firstly with a toy model and then 
in the MSSM context. In section [3] we show how the soft terms arise and we focus on the 
phenomenological predictions of the model. We discuss in detail the sparticle spectrum, the 
Higgs boson mass and EWPT. We also show that the model is safe with respect to flavor 
changing neutral current (FCNC) processes and we give some cosmological considerations. 
Section S] is devoted to the outlook, while section [5] to our conclusions. 

2 The model 

As anticipated the model we are going to propose is a simpler version of yukawa-gauge 
mediation scenarios already present in literature [11]. As we will see it is simpler because 
we do not ask for a GUT completion and we use the MSSM Higgs doublets to act as SUSY 
breaking messengers. In this way we avoid the use of large representations and the number 
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of new superfields added to the MSSM ones is really basical. 
2.1 General implant: a toy model 

In this section we use a toy model to introduce our SUSY breaking mechanism. Let us 
consider a SUSY gauge theory based on the simple group Q. Matter superfields are charged 
under Q and denoted by Qi. Here we do not address the origin of SUSY breaking, assuming 
it happens because of an unknown mechanism in a secluded sector. For our purposes we 
just consider that the net effect of such a breaking can be parametrized by a gauge singlet 
chiral superfield X = X+9ipx+8 2 Fx developing vev in its scalar (X) = M/k and auxiliary 
(Fx) = F/k components. The coupling constant k, whose meaning will soon be apparent, 
is introduced in the vev definition for later convenience. Such a chiral superfield cannot 
mediate SUSY breaking, thus we have to couple it to a charged superfield sector that 
effectively communicates SUSY breaking to matter. At this level the scenario is similar 
to minimal gauge mediation [12]: the field that develops a SUSY breaking vev does not 
couple directly to MSSM fields. However, contrary to minimal gauge mediation, X couples 
only to an additional gauge singlet and the latter interacts with charged superfields, 
thus our mechanism works through two messenger sectors and therefore in two different 
steps. $ is identified as first messenger: it couples to charged superfields, Hi (and their 
partners with opposite charge Hi), that effectively perform the SUSY breaking mediation. 
The superpotential that implements the two step mechanism just sketched has the form 

^messengers = kX$® + Xij&HiHj. (1) 

The toy model superpotential contains also the mass term for the second messengers 

W mci ss = 1-HjHiHj . (2) 

While the first messenger, <1>, is typically thought quite heavy and it decouples from the 
low energy spectra, the Hi superfields could be decoupled or not according to the structure 
of fiij. In practice we will see that in our realization a subset of the Hi fields becomes part 
of the low energy spectrum. 

The Hi superfields are the effective mediators of SUSY breaking to the MSSM super- 
fields. Gaugino masses are given by two loop graphs in which a gaugino goes through 
gauge interactions to Hi and then the latter couples to the <E> superfield loop, as shown 
in figure [TJ The effects of SUSY breaking to the matter sector are mediated by means of 
superpotential trilinear interactions 

Wmatter = hijkQiQjHk + hi mn QiQ m H n , (3) 

where the indices (ijk) and (Imn) are contracted to give gauge invariants. In this scenario 
the SUSY breaking trilinears are induced at one loop level while sfermion masses arise at 
two loops as shown in figured! 
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Figure 1: Loop graphs giving rise to the different soft terms: (a) gaugino masses, (b) 
trilinear terms, (c) sfermion masses. 



2.2 General implant: explicit construction of the model 

Now we show how the scenario proposed can be implemented to describe particle physics 
phenomenology. The ingredients are essentially those anticipated in the toy model. 

The effect of the secluded sector where SUSY breaking effectively takes place are just 
parametrized by the presence of the gauge singlet chiral superfield X = X+9il)x+6 2 Fx that 
develops a vev both in its scalar and auxiliary components, M/k and F/k respectively. X 
couples to a gauge chiral singlet <3? through a superpotential term kXQQ. The gauge group 
Q is the SM gauge group and we identify the second messenger sector (Hi, Hi) with the 
MSSM Higgs superfields. In order to prevent too heavily suppressed gluino masses we can 
add an extra heavy colored triplet with the quantum numbers of the down quark superfield, 
that does not couple dangerously to MSSM fields by means of a Z2 discrete symmetry. Thus 
the second messengers of the framework happen to be (Hi, Hi) = (H U ®T, H^(BT). In this 
way all the three gauginos receive mass at the same loop level. Clearly the matter fields 
Qi are the MSSM matter superfields. 

The extra triplet must be heavy, but not necessarily of order the GUT scale. Dangerous 
operators mediating the proton decay are actually forbidden by the unbroken Z2 symmetry. 
In order to correctly mediate SUSY breaking the triplet have not to be decoupled when 
X gets vev. We can set a lower bound on My asking for gauge coupling unification to be 
achievable in the scenario. The model field content is contained in table [H 

At the GUT scale the superpotential is given by two contributions 

W = Wmssm + , (4) 
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Table 1: Superfield content of the theory. 
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(5) 



As anticipated the extra Z2 discrete symmetry prevents the triplets to couple with matter 
fields. When X develops vev and breaks SUSY, $ communicates such a breaking to the 
MSSM fields giving rise to the standard MSSM soft potential 



soft 
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that is summed to the SUSY invariant scalar potential 

\ 2 



dW, 



MSSM 



(6) 



(7) 



where fL- are the various superfields of the theory. Below the scale M (Mt) 3> (T, T) 
decouple and we are left with the standard MSSM. For this reason we have not included 
terms involving these fields in equation ([6|). We neglect threshold effects arising from the 
decoupling of these heavy fields. The soft terms structure is strongly correlated to all the 
superpotential parameters, because of the yukawa-gauge mediation mechanism. This in 
turn gives rise to a novel spectrum, that is the subject of next sections. 
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3 Phenomenological predictions 



This section is devoted to the phenomenological predictions of our model. The mass spec- 
trum is peculiar to this singlet yukawa-gauge mediation realization and quite different from 
that obtained in minimal gauge mediation frameworks. 

3.1 Spectrum 

We have already anticipated that the spectrum of the theory is quite uncommon: indeed the 
third family sfermions are in general heavier than those of the first two families, a feature 
owed to the role played by the yukawas in the SUSY breaking mediation mechanism. A 
similar hierarchy has been recently considered in [13]. The structure of the low energy 
spectrum is determined by the RG evolution of the boundary contributions generated 
when integrating out the first messenger, <£, at its scale M. In the following sections we 
will show that in order to be phenomenologically acceptable our model requires M < 10 14 . 
Thus for simplicity in the following we assume that M ~ Mt < Mqut arid leave the 
possibility of a low energy SUSY breaking realization to further studies. In particular it 
could be interesting to connect the superfield $ to the generation of neutrino masses |14j . 
In addition we will assume that the democratic contribution to sfermion mass matrices 
arising because of the gravitino is negligible. We will comment on this assumption in 
section 13.61 Moreover we consider anomaly mediation contributions [15] to be subleading. 

To deeper analyze the implant of the theory and the differences with respect to standard 
scenarios we should remember that the MSSM fields couple in a quite peculiar way to the 
SUSY breaking vev. In particular at one loop level no soft mass terms are generated. The 
first contributions appear at two loops, where both gauginos and sfermions get a mass 
term. The structure of the two terms (see section [C]) is 

Mg aU gi no = Lp 2 A l ' j gfhjB ( f ) , ^sfermion = Lp 2 B r y rh^B 1 ^ , (8) 

where = F/M <C M, Lp = (4vr)- 2 is a loop factor, y u(d) = Y^ (d) Y u{d) ,Y u{d) Y^ {d) for 
right and left up (down) quark respectively and hj = ho, h t . With respect to minimal 
gauge mediation there is an effective extra loop factor in gaugino masses, keeping them 
smaller than third family sfermions. Indeed sfermion masses are proportional to the yukawa 
couplings and thus they result heavily suppressed in the case of the first two families. Any- 
way the contribution of minimal gauge mediation coming from three loop graphs become 
competing or even more important of the yukawa mediated two loop one in this case. Such 
a contribution yields terms of the form 

m 2 sfermion = Lp" (C^rjryi + C^\ 2 r)y k + C^V^Ofc) B\ , (9) 

where r» = gj=i,2 3) ho, ht, rj. The three loop contributions happen to be competing with 
the two loop one only in the case of third family down and lepton sfermions, that are 
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characterized by small yukawa couplings compared to the top one. On the contrary they 
are dominant in the case of the first two families for all the flavours, since in that case 
the yukawa couplings give rise to negligible terms. Consequently the first two families are 
essentially degenerate in mass, a feature preserved even after the evolution to low energies. 
For what concerns the first two families the hierarchy with respect to gaugino masses is 
milded because of the extra loop factor, but still present. 

Below the scale M we are left with the particle content of the MSSM, thus the evolution 
of soft terms can be simply obtained using the /3 functions reported in |16j . 

Since our theory predicts the presence of a split spectrum in which sfermions and 
Higgsinos are much heavier than gauginos, we improved the calculation of gaugino masses 
by integrating out sfermions and higgsinos at their mass scales and then determining new 
evolution equations. Such a procedure is explained in details in next subsection to show 
that gauge coupling unification predictions are not affected by this spectrum. In figure [2] 
we report an example of low energy spectrum obtained within our framework. 



3.2 Gauge coupling unification 

In this section we briefly discuss how gauge coupling unification is realized in our scenario. 
Notice that in our model unification is not mandatory. 

We take into account only the one loop with a series of intermediate scales 

dictated by the spectrum shown in figure [2j Here we just report the main results while all 
the detailed calculations can be found in appendix lAl 

Neglecting the electroweak scale, characterized by the SM degrees of freedom, in the 
spectra of figure [2] we identify four SUSY scales: the lower one, M^ SY ~ hundreds of 

(3) 

GeV, is that of SU{2)i x U(l)y gauginos. Then follow the gluino scale, M S jj SY , that 

(2) 

LHC constraints fix around the TeV, and the light sfermions one Mm^. The first scale, 
M^ SY , corresponds to the the heavy third family sfermions, higgsinos and heavy scalars. 
Finally we have to consider the scale of the heavy triplets Mt- The evolution is then 
computed taking as inputs the low energy gauge coupling values and the result is shown in 
figure l3al In order to test gauge coupling unification we show in figure l3bl a plot at energies 
around unification scale under the magnifying glass. The red strip represents the region 
for the strong coupling within three sigmas of the experimental value; thus we can easily 
see that it is compatible with unification if we consider that two loop contributions better 
the picture, as explained in appendix 1X1 



3.3 EWSB and a light Higgs boson 

It is well known [9] that even in the presence of high scale SUSY the lightest neutral scalar 
remains relatively light and still compatible with the narrow light-mass window left open 

'Two loop RG evolution, as well as one loop threshold corrections, give non negligible contribution, but 
they even better unification, as discussed in appendix [XI 
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Figure 2: Typical spectrum arising in the framework. The parameters to obtain it are 
h = 1.04, ht = 1.30, B& = 9.7 x 10 6 GeV, r) = 0.1. 
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Figure 3: Gauge coupling evolution. 



by the recent exclusion plots. While waiting for the new analysis to see if this window will 
disappear or not, discussing scenarios predicting a Higgs boson around 130 GeV is still 
reasonable. 

We said that the spectrum is essentially divided in two different sets. While the gauginos 
are expected to lie at lower energy (M^}% > 100 GeV -=- TeV), all the other sparticles 

(2 1) 

(namely the sfermions and the Higgsinos) are pushed up to multi-TeV energies, M s ^g Y - 
Such a spectrum might be easily confused with a split SUSY one, but it actually differs 
from that because in our picture the Higgsinos are heavy and the lightest neutralino is 
essentially a bino or wino. 

The light Higgs boson mass is obtained by the standard procedure used in SUSY 
scenarios, by decoupling heavy particles in turn and computing their threshold effects 
as the energy decreases. Discussing gauge coupling unification we identified four scales 
at which sequentially heavy particles decouple. At the highest scale below GUT scale, 
Mgjj S y, we decouple third family sfermions, Higgsinos and heavy Higgs scalars. Indeed 
only one linear combination of H u and 

h = Hdcosa + i(T2H* since, (10) 

remains part of the theory, corresponding to the light Higgs boson. The orthogonal com- 
bination 

H = — Hasina + i^H* cos a, (11) 



corresponds to an SU(2)l heavy doublet, whose mass is roughly fixed by the soft terms. 
The two masses are given at Mg^ SY by 

™Ih( m susy) = \ hk + ™L + 2 H 2 ±(™L- m k)/ cos2 «] • ( 12 ) 
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It is clear that m 2 is the quadratic term of the Higgs scalar potential that has to run to 
negative values at the EW scale to induce EWSB. On the contrary m 2 H has to be greater 
than zero being the mass of the heavy doublet, a in equations (|10p. (jlip and (|12p is meant 
to be the mixing angle between the light and heavy states before EWSB, defined by 



2-Du 

tan2a = — - — 5 9 - . (13) 

(m Hu -m Hd ) 



The light state coincides roughly with the SM Higgs boson and it is responsible of EWSB. 
Its mixing with H induces a negligible vev vh, thus the mixing angle a and the ratio 
= v u/vd do essentially coincide. In our framework is tightly connected to [i and to 
the soft m 2 H , in particular the SUSY breaking contributions at M are 

Bfj, ~ LphlfiB^, 
m% ud ~ L P 2 hl(^g 2 -hl-hl-2^ -C^)Bl (14) 

where Lp = (4vr)- 2 , C Y ~ y T + 3y^, C y ~ 3y 2 and we have assumed g\ ~ 52 being close to 
the GUT scale. From the large cancellation needed to get m\ we have ~ B^/(167r 2 ), 
thus 

tan2/3~l/C y ~0(1), (15) 

since C y 3> Cy. Consequently the natural range is tan/3 < 1, but this would destroy 
yukawa coupling perturbativity. Thus to allow larger values for tan (3 we need a mechanism 
to increase B^. We assume this is possible without modifying the main features of our 

scenaricll and we do not discuss further details. 

(1 2) 

The effective theory below Mg^g Y contains the SM matter content and the three gaug- 
inos. The doublet h is nothing more but the usual SM Higgs field whose scalar potential, 
V(h), is characterized by the quartic coupling A. As usual A is given by the SUSY tree 
level contributions 



Xsusy = ^ [timZsy) + ^9((M^ SY )) cos z 2(3(M^ SY ), (16) 

and the one-loop threshold contribution obtained integrating out heavy sfermions via box 
and triangle one-loop diagrams [17] . The dominant contribution arises from diagrams 
involving the stop, even if in our case the stop is the heaviest sfermion, and it is given by 

\ m SUSY 01V1 SUSY 



2 This may be realized by introducing higher order operators to Wmssm or adding a scalar singlet that 
develops a vev as suggested in [11] . 
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where X t = A t (M^ SY ) + fi(M^ SY ) cot (3(M^ SY ). 

A is then evolved through the RGEs given in appendix [B] up to the EW scale, where 
the one loop effective Coleman Weinberg potential [18] is computed 

V(h) = ml\h\- 

where 



k=i v M 



M\ = m 2 h + h 2 , Ml = m 2 h + h\ M\ = \g\h\ 



and 



«i = ^ > o 2 — - , a 3 — -3 , a 4 — - , a 5 — - , 

3 5 
bi = b 2 = b 3 = -- , 6 4 = 65 = -- . 

2 D 

The procedure used to find the minimum of the Higgs potential is the one depicted 
in [T^]. The running mass of the Higgs boson is defined as the second derivative of the 
potential evaluated at the minimum, namely 



2 _ &V(h) 
m h 



d 2 h 



(18) 

(h)=v w 



where v\y is the EW scale. Finally the physical Higgs boson mass is obtained by computing 
the pole mass. The relation between the Higgs running mass and the pole one can be 
evaluated as follows. We can write 

Ml = m 2 h + An, (19) 

where M| is the pole propagator mass, is the running Higgs mass defined in (|18|) and 
An is the difference of the renormalized self energy calculated at the pole mass and at 
zero momentum: An = H(p 2 = M|) — H(p 2 = 0). An receives contribution from many 
sources, being the top contribution the most relevant. 

In the parameter point corresponding to Figure [2]the pole mass of the light Higgs boson 

is 

Ml = 133 GeV , (20) 

that is inside the light mass window left open by the latest data. This value is in agreement 
with the results obtained by [9]. Clearly a full analysis of the parameter space could be 
interesting to see the spread of our prediction. 
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3.4 EWPT 



As in any theory providing a SM extension we have to check the consistence of our model 
through the oblique corrections classified [20] by means of the three parameters T, S, U, 
written in terms of the physical gauge boson vacuum polarizations as [21] 
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4tt 



9 2 2 

e c w m z 



[A ww (0) 
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e 2 



Azz{m 2 z ) 



A ZZ (0) 
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-16vr 



A W w{m w ) 
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WW 



(0) 



2 A Z z(m 2 z ) 



C W 



A ZZ {0) 



+ 



w 



swA' 7J (0) 



2s w cwA' 7 z(0) 



(21) 



where sw,c\v are sine and cosine of 6w and e is the electric charge. Roughly speaking for 
any SU(2)l doublet T, S, U are sensitive to the mass splitting of the doublet components 
and thus vanish in the limit of degenerate masses [22] . As it can be easily checked by look- 
ing at the spectra shown in figure [2] the SUSY breaking scale is so high that the components 
of the SU (2) l doublets happen to be still degenerate after the EW spontaneous symmetry 
breaking, and right and left sfermion mixing is thus completely negligible. Contemporane- 
ously at the EW scale the wino and the light chargino form a degenerate doublet, so the 
EW parameters do not receive any new contribution arising from new particles, the unique 
contribution being that of the SM-like Higgs. The latter, for a mass around 135 GeV, is 
in perfect agreement with the data [3]. 



3.5 Flavor constraints 

A detailed analysis of flavor processes is beyond the purposes of this work. Intuitively 
such processes should not further constrain the model because of the very heavy sparticle 
spectrum, but we should take care of them because of the yukawa structure of the SUSY 
breaking mediation mechanism. Being the third family the heaviest and the first two almost 
degenerate and lighter we are in presence of a hierarchical squark spectrum inverted with 
respect to the discussion developed in [23]. However we may use their formalism to estimate 
the contribution to AF = 1,2 processes. 

As an example we may consider the gluino loop contributions in the down sector. The 
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latter in the case of d\ -> df (AF = 1) and d\ <-> df (AF = 2) may be parametrized as 

,r 2 

A(AF = 1) 
A{AF = 2) 




where / and g are loop functions, in particular g(x, y) = g(x)—g(y)/(x—y). W diagonalizes 
the full 6x6 down squark mass matrix in the basis in which the down quarks are diagonal, 
namely M. 2 D . In our specific framework W is very simple and block diagonal because 
the soft terms are so heavy that we can neglect left-right squark mixing. In particular this 
means that gluino loops cannot mediate AF = 1 processes, like b — > sj, and in the following 
we will concentrate only on AF = 2 processes. If we assume that Y u and Yd have a Froggatt 



Nielsen symmetric structure 



thus implying that Vqkm 



structure oi M. 2 D d at M in our specific framework is roughly given by 



Vg - the 



Lp 2 B r y r h 2 + Lp 3 (c l ^ k r 2 r 2 r 2 + C l ^ k r 2 rp k + C^rf^y, 



B 



(22) 



where the notation is the same of equations ([8]) and (|9|) . Equation (J23J) may be re- written 
as 



ML, 



Ml 

Lp 2 



4K 



+ lp r; '- A '— ^ + c^—^y, + cy h r 



glhf 



9m 



(23) 



where y = B r y r . Among the terms that arise at three loop level the dominant one is that 
proportional to C\. The diagonal two loop entries dominate over the three loop ones if 



2 2 2 

IV* ty* I ' 

(y) ii>L pCi> j > k -t-L±~ 



Lpc„g 



4 ~ It)" 1 



(24) 



where c g ~ O(10), that clearly is realized only for the third family. Thus the two loop 
term controls the heavy third familiy squark masses and the off diagonal entries, while 
the first three loop term dominates the degenerate two lightest families. For the following 
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discussion we are interested in the ratios 
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12 
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~ A^> ~ 10 



(25) 



In equation (|25 j) mj (mj,) are the top (bottom) quark mass, Ac the Cabibbo angle ~ 0.2 
and as usual tan/3 = v u /vd- According to our considerations W has the structure 

W L 
W R 



with 



cos Q\ 2 
- sin L 9 12 



sin 0f 2 



cos ( 



12 



A^ 3 sin 0f 2 - Af 3 cos Q[ 2 - A&, cos 0f 9 - Af, si 



'12 



'13' 



where 



23 1 
L 
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l 13 ! 



12 



^13 
^23 



tan26> 12 = 2- 



(7W D J 22 A[ 2 



12 



(A^Z) L )22 - (JWdJh (3^22 

The generalization to up squarks and charged sleptons is trivial. 
Following [23] in our model we have 



(26) 



(27) 



(28) 



A(AF = 2) ~ 9 {1 \x)(% L ) 2 + ^g®(x)(5^) 2 



(29) 



d.L,R 



~ 1 

~ m 



with x = m 2 L /M 2 and we can set m 
degeneracy. The 5 parameters are defined as 



^2 



~ m 



L R because of their approximate 



jL* 



'ij 



W L -W L ~ 



b di 



(30) 



Clearly the term that depends on 5fj L controls B^ s — B^ s oscillation, while that on 5^ L 
controls K — K. In the limit x S> 1 it turns out that |25j g^\x),g^\x) ~ 1/x, 1/x 3 
respectively, and we get 

,4(AF = 2) = # ~ a s C q 



(Ml 



\ m 2 



^) 2 + \(^f 



(31) 
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where C q is a color factor. From [26] we have 
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AM F = MpfpBp^^f 



(32) 



where Bp is a parameter of order 1, fp is the decay constant of the meson F = K,Bd,B s 
and ij the transition responsible of its oscillations. By combining equations (|30p . (|31|) and 
(|32j) we get 



/I: 



GeV^ 



-16> 



AM, 



^M s ^£ Bd ^(A^ ~ M Bd ^ ^ j B Bd lQ 
Cq a 2 s M Bs f B B Bs ^(A 



4) 



GeV 2 



-15 



-13 



By comparing our results and the experimental bounds as reported in table [2] we see that 
the flavor processes mediated by the sfermions are a few orders of magnitude below the 
experimental bounds. Similar results are expected in the case of loops in which circulate 
other superpartners. 

We also briefly comment about the possibility of gravity mediated FC processes. The 
latter are generated by the complete democracy of gravity mediated interactions in flavour 
space and thus can be neglected only if they are subleading with respect to the other 
contributions. Such a constraint imposes bounds on the mass of the gravitino that will be 
taken into account in Section! 



B F 


M F (GeV) 


If (GeV) 


Bp 


\AM F xp \ (GeV) 


|AM£ es | (GeV) 


B d 
B s 
K 


5.2795 
5.3664 
0.497614 


0.1928 ±0.0099 
0.2388 ± 0.0095 
0.1558 ±0.0017 


1.26 ±0.11 
1.33 ±0.06 
0.725 ± 0.026 


(3.337 ± 0.006) x 10" 13 
(1.170 ±0.008) x 10" 11 
(3.500 ± 0.006) x 10~ n 


< io- ie 

< lO" 14 

< 10" 16 



Table 2: Properties of neutral mesons \27{ and the model predictions. The last column re- 
port our rough estimation of the meson oscillation mass splitting AM™ taking as reference 
values the spectrum given in figure [H 



3.6 Cosmology 

In minimal gauge mediation the LSP is usually the gravitino [12]. Here we discuss if our 
framework behaves as the minimal case or not, allowing the bino or the wino to be the 
LSP. 
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The gravitino takes mass through gravitational interactions: their coupling strenght is 
given by the inverse reduced Planck mass and, assuming a vanishing cosmological constant, 
the mass is 

m ^ = ' (33) 

where Mp = {9>ttGn)~ 1 ^ 2 is the reduced Planck mass, F$ is the total contribution of the F- 
term SUSY breaking vev to the vacuum energy, thus V = F 2 in the minimum. Actually the 
effective F-term vev felt by the messenger $ is related to -Fo by means of the superpotential 
interaction kX&&, thus being Fq = F/k. The ratio among the two quantities directly 
reflects the way in which SUSY breaking is mediated, and in our case it is simply given by 
the coupling constant k < 1 to preserve perturbativity at high energy scale. The gravitino 
mass can thus be rewritten as 

m ^ = WM~ P (34) 

To point out the nature of the LSP it turns useful rewriting the gravitino mass in terms of 
the wino one. Reminding that 

M 2 = Lp 2 glhlB 4> , (35) 



we get 



3/-(^)(^)) 2 ^^. 4X « 



where M is the superfield mass scale and thus gives rise to the SUSY breaking boundary 
conditions. As one can easily see from the formula above the gravitino is the LSP if a 
relatively low energy SUSY breaking takes place. If the scale of SUSY breaking is of 
order M > 10 14 GeV than the relative weight of the adimensional parameter entering into 
equation f|36|) establishes whether the LSP is the gravitino or neutralino, while for larger 
values of M, such as the GUT scale, the gravitino is surely not the LSP of the framework. 
At first let us briefly comment on this possibility. 

If R-parity is conserved and the neutralino (wino or bino) is the LSP of the model the 
decay of the gravitino must happen before Big Bang Nucleosynthesis (BBN) in order not 
to destroy the successful predictions of BBN itself [28]. In particular if gravitino decays 
have to be completed before BBN at t ~ Is we must have 

m 3/2 > 10 TeV =>- M > 10 15 -=- 10 16 GeV , < 10 7 -=- 10 8 GeV . (37) 

Such a large gravitino mass would give rise to a very large contribution to sfermion mass 
matrices that would induce dangerous FCNC and our hypothesis to neglect gravitino con- 
tribution to sfermion masses would fail. 

Consequently in our scenario the gravitino has to be the LSP, condition that can be 
rephrased as M < 10 14 GeV. On the other side bounds on gluino mass impose B^ > 10 6 
GeV and M > 10 7 GeV implying m 3 / 2 > 1 keV. Light gravitino DM scenarios are therefore 
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not realizable in our framework, while the possibility of a super WIMP DM is left open |29| . 
The analysis of the gravitino as superWIMP candidate is left for further studies. 



4 Outlook 

In section ETol we deduced that the allowed range for M is 10 7 GeV < M < 10 14 GeV in order 
not to affect FCNC processes, gauge coupling unification and gluino mass bounds. One 
very interesting possibility is promoting $ to be both the SUSY breaking messenger and 
the source of light neutrino masses, through its fermionic component. This picture shares 
features both with the z^GMSB model [30] and the bilinear R-parity breaking scenarios 
[3TJ[32], since $ is a singlet superfield. As in [3D] light neutrinos receive type I seesaw- like 
mass contribution arising from the explicit R-parity breaking term - the coupling yiLiH u ^ 
- yielding 

ml-^yi-yf, (38) 

where the yi are thought as three dimensional vector columns. When sneutrinos and the 
scalar component of $ acquire a tiny vev a further contribution to left handed neutrino 
masses is generated. This contribution is nothing but that presents in models with explicit 
linear R-parity breaking term and discussed in details in [31] , Using their notation and 
assuming a spectrum similar to that given in figure [2] the second contribution to neutrino 
masses is given by 

where we have approximated Mi ~ M% ~ Mq <C \x and Aj is defined as 

Ai = fj,Vi + yiVdV^ , (40) 

with Vi (va,) is the sneutrino (3>) vev. As long as Vi and yi are disalignecH, neglecting 
the one loop contributions, the effective light neutrino mass matrix has two non vanishing 
eigenvalues and lepton mixing is completely determined. 

This scenario is quite appealing for its predictivity in neutrino sector and we leave a 
detailed analysis to a future project p3]. Notice that in this case a late decaying gravitino 
should be the DM candidate l33l. 



5 Summary and conclusions 

In this paper we focused on the idea of yukawa-gauge mediation in what we may define its 
minimal version. The minimality resides in the small number of extra degrees of freedom 

3 This may be realized because of the sneutrino soft mass terms that are not aligned to yiyj . Indeed 
the soft sneutrino masses receive a contribution both proportional to yi from yiLiH u <& and to Y^Y e from 
(Y e )ij LiHdEj . 
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with respect to those of the MSSM. The chiral superfield <3? is the first messenger of SUSY 
breaking and due to its singlet nature SUSY breaking happen to be communicated to the 
MSSM fields in two sequential steps, after the subsequent coupling of a charged superfield 
sector. Such second messengers are identified with the MSSM Higgs fields with the addition 
of an extra color triplets that ensure a large enough gluino mass. This framework gives 
rise to a novel split spectrum that is consistent with the indication arising from the most 
recent data. The peculiarities of such a spectrum are an inverted hierarchy among the 
sfermions of the third family and those of the first two and an almost complete pureness 
of the gaugino components in the lightest neutralinos and chargino. The mass scale of the 
scalar superpartners is fairly heavy, above few TeVs, and only the gauginos, that are longly 
lived because of a quite large gravitino mass, will be soon in the range of LHC searches. We 
did not analyze the specific signatures of the model presented, however from the shape of 
the predicted spectrum we may easily deduce that few processes could be testable at LHC. 
In particular the preferred channel seems to be an excess of events over the SM background 
in the Mono-Jet channel, owed to ISR combined with the production of two gluinos. As 
far as the EWSB is concerned we computed the one loop effective potential and showed 
that a single SM-like Higgs of mass 130 135 GeV is expected. 

In the scenario gauge coupling unification is still achievable and one could easily think 
to extend the analysis to an SU(5) description of the framework. Thanks to the peculiar 
structure of the soft terms the model easily satisfies the constraints imposed by SM precision 
measurements, as EWPT and FCNC. We estimated the one loop contribution to AF = 2 
meson oscillations mediated by the gluinos and we have shown that is extremely suppressed 
and far from experimental bounds. 

To prevent large democratic contribution to sfermion masses, possibly mediating FC- 
NCs, and not to affect BBN the gravitino has to be the LSP of our scenario. Combining 
the request for a gravitino LSP with the bounds on gluino masses gives us the range in 
which the SUSY breaking scale M has to lie, namely 10 < M < 10 14 . 

Finally we sketched how a R-parity breaking version of our scenario could be deeply 
interesting in neutrino phenomenology and compatible with a late decaying gravitino as 
DM candidate. We leave the full analysis to |14j . 
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A Gauge coupling unification 

In this appendix we discuss the details of gauge coupling evolution, whose results are 
reported in section 13.21 in particular we show that unification is easily realized in our 
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framework. 

The one loop evolution of the gauge couplings is given by 

(4vr) 2 ^=^, (41) 

where the b^s have to be calculated considering all the fields that are charged under the i-th 
interaction. For a generic theory the different contributions owed to scalars and fermions 
may be obtained as in [BJ. Thus we calculate the various frj's considering only those fields 
present in the effective field theory at a given scale: indeed at scale /i all the fields heavier 
than [i decouple and do not contribute to the running. 

Our framework is characterized by the presence of five scales: 

- winos and bino, M^ SY ~ 100 -=- 300 GeV; 

- gluinos, M^gy ~ 1 -f- 1.5 TeV; 

- light sfermions, M^ SY ~ 4 4- 7 TeV; 

- heavy sfermions, heavy Higgs and higgsinos, MjQgy ~ 30 4 50 TeV; 

- extra triplets, M T ~ 10 14 4 10 15 GeV. 
The different ftj's at the energy scale \i are: 

• fi < MgygY- the theory coincides with the SM thus bi = { |g, — — 7}; 

• Mg^ SY < \i < ^susy : ^ ne theory is SM+ winos + bino thus bi = {fg, — — 7}; 

(2) (3) 

• Mgjjgy < fi < Mgy SY : the theory is SM + winos + bino + gluino thus 6, = 
J4i _n _r\. 

I 10' 6 ' °S ' 

• Afjj^ey < n < M^susy : ^he theory is SM+ winos + bino + gluino + first two families 
sfermions thus bi = { ^ , — \ , — ^- } ; 

• M 5C/SY < A* < the theory is MSSM thus = 1, -3}; 

• fi > M T , the theory is MSSM + heavy triplets thus &; = {7, 1, -2}. 

We can check the compatibility of gauge unification with the observables at the EW scale 
as follows. The low energy values at Mz, the Z boson mass scale, of a, sin 2 0w and a s - 
in the MS renormalization scheme - are given by [4] 

M z = 91.1876 ± 0.0021 GeV , 
a{M z )~ l = 127.916 ± 0.015 , 
sin 2 e w {M z ) = 0.23150 ± 0.00016 , 
a s (M z ) = 0.1184 ±0.0012. 
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The observable with the biggest uncertainties is a s . We evolve g\ and g 2 to high energies 
and we determine a tentative unification scale. Then we run back the strong coupling and 
check if it is compatible with the experimental value. We find that for the typical scales 
corresponding to the spectrum shown in figure [2] the strong coupling calculated with this 
procedure falls always within three sigmas of the experimental value. 

A brief comment about two loop evolution. The two loop RGEs [34] yield non negligible 
contributions that have to be considered when discussing precision observables. In partic- 
ular when going beyond one loop it is important not only to use two loop RG equations, 
but also consider the one loop threshold corrections in order to be consistent. Keeping into 
account the two contributions it can be seen that there is a partial cancellation between 
them, thus the net contribution tends to improve the agreement with the best fit value of 
a s , and gauge coupling unification is preserved. 



B RG evolution of the effective theory 

In section [3731 we have seen that below M^ SY the heavy fields start to decouple from the 
theory. In the following we write down the evolution equations for the parameters involved 
to get the Higgs running mass at the minimum of the potential. As already anticipated 
in appendix El we spotted the presence of four different intermediate scales to consider. 
Not to be redundant we do not re-write the gauge coupling RGEs, that can be found in 
appendix [Al 

Between M^ SY and M^ SY 

In this region the heavy third family sfermions, the Higgsinos and the heavy Higgs doublet 
have decoupled. The relevant equations needed for the evolution of the various parameters 
are the following. The couplings evolve through 

(4^) 2 §=/%. (42) 

We considered the various (5^ and 7^, the anomalous dimensions, in the third family ap- 
proximation, where only the top yukawa coupling is relevant: 

Ml = 8gfM u (43) 
Pm 2 = -4g 2 2 M 2 , (44) 
Pm 3 = -IO5IM3, (45) 

P* = Yt (\y? ~ ~ \& ~ 8flf) , (46) 



ft 



12A 2 + A (l 2 y t 2 - \gl - 9fl g) + I ^gf + | + 9 -f-^j - 121? , (47) 
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/3 m| = ml(6X + 6Y t 2 -^ 9 2 2 --^gf), (48) 

n 9 n 9 n 

7/l = 3Y t 2 - - 5 i - -gl (49) 
Between M^j-^y and M^ SY 

(3) 

At scale Af^^y the light sfermions (namely those of the first two families) decouple. The 
various f3^ and 7^ in the third family approximation are now: 

Pm\ = 0, (50) 
Pm 2 = -i2g%M 2 , (51) 
(3 M3 = -18 53 2 M 3 , (52) 

hi = Yt ( lY? ~ ~ 'A - *<&) , (53) 



2 1 20 1 4* 



ft 



12A 2 + A (l2Y t 2 - \ 9 l - 9 52 2 ) + \ {^g\ + f + - 12Y* , (54) 

P ml = m 2 (6X + 6Y 2 -^gl-^gj), (55) 
lh = 3Y t 2 --/ 2 --^9l (56) 



r(3) 



Between M S ^ SY and Mg^gy 



Below Mgjj SY also the gluinos cease to be part of the theory. /?£ and 7^ are now given by 

Pm, = 0, (57) 

Pm 2 = -12g 2 2 M 2 , (58) 

Pv t = Yt (jY? - X lg 2 - \g\ - 8fl g) , (59) 

/3a = 12A 2 + A (l2Y t 2 - \g\ - 9^) + |( 1^ + f + ^) - 12Y* , (60) 

/3 m 2 = m l(6X + 6Y 2 -^g 2 -^g 2 ), (61) 

7. = 3F t 2 - ^ 2 - ^ 5 2 . (62) 
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BelOW AfjQgy 

Below Mgjj SY the theory is nothing but the SM. The evolution can be obtained as in [7j. 
For the sake of completeness we report the relevant equations. The relevant /3^'s are 

hi = Yt ~ y/i ~ \al ~ %a 2 ) , (63) 
Px = 12A 2 + A (l2Y t 2 - \ g \ - 9,l) + £( ± 9 f + | + 9_M^ _ ^ (g4) 
P ml = m 2 (6A + 6Yt 2_9 2 _ 9 2)) (g5) 



in = ^--A-^al (66) 
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C Calculation of the SUSY breaking terms 

In this appendix we derive the SUSY breaking terms in our theory. In general such terms 
can be derived by means of diagrammatic loop calculation in which the SUSY breaking 
F-term vev enters. In our scenario such a calculation is quite involved, as it would require 
to consider graphs up to three loops. It is far more convenient to use an approach based 
on the properties of SUSY theories renormalization. Following the seminal paper [35] we 
review this method and its realization in our framework. 

General theory 

As already discussed in section[2]we parametrize the breaking of SUSY through the presence 
of a single chiral superfield X taking vev both in its scalar and auxiliary components, 
(X) = M/k + 9 2 F/k, where k is a coupling constant that has been reabsorbed in the 
vevs for later convenience. The only source for the appearance of soft terms is the vev 
F. Thus the SUSY breaking contributions can be casted in an expansion in terms of 
powers of F, or to be more precise, in terms of the dimensionless parameter F/M 2 . If 
interested in the regime F <C M 2 , one can keep track of the SUSY breaking effects in a 
manifestly supersymmetric framework, considering soft terms just as small modifications 
of the latter. Being a bit sloppy we can explain the procedure as follows. Let us consider 
a SUSY gauge theory based on the gauge group Q. It is well known that in SUSY theories 
the renormalization effects are owed to the renormalization of the kinetic terms of gauge 
and matter, while the superpotential does not renormalize. Thus one can calculate the 
evolution of the matter wave functions and of the gauge couplings in the SUSY limit from 
the high cutoff scale Ayy down to low energies across the scale M using the RGEs and 
then substitute M — > V XX^ into the gauge real couplings 1Z(M, and in the wave 



4 The real coupling is the gauge coupling denned for canonically normalized fields and it is different 
from the holomorphic coupling. The relation among the two is given in equation (|77p . The reason for the 
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function renormalizations Z r (M,fi). Since the X superfield takes both scalar and F-term 
vevs, such a procedure implies the appearance of soft terms in the lagrangian of the theory. 
Extracting them is then simply a matter of knowing the -F-dependence of the various 1Z 
and ZyS. 

To be definite we start by considering the high energy theory defined by the lagrangian 



C 



d 4 9 



Z>&e v m + Y,Z>Qie v ^)Q r 



+ 



1 



+ J d 2 e-S > Ti\W a W a j +h.c. 

+ / d 2 6(\X§§ + UrsQrQs + XrstQrQsQt) + H.C. 



(67) 



where $ is a chiral messenger (to be general we assume it charged under Q) and the Q r are 
the matter superfields, X is the chiral superfield taking vevs and fi rs ,X rs t are the SUSY 
superpotential mass terms and yukawa interactions respectively. Finally Zj^,Zf',S' > are 
the renormalization wave functions above the scale M. At such a scale the messenger 
superfield $ takes mass and decouples, thus at lower energies one gets 

c = j d /L eJ2 z rQU v{ ® r) Qr + j ' d 2 6^S < Tr(w a W a S j +h.c. 



+ 



d 2 9([l rs Q r Q s + XrstQrQsQt) + h.c. 



(68) 



The above equations (J67J) and (168|) define the theory in which the RG evolution takes place. 
Once one knows the 7's of the superfields and the /3 functions of the couplings involved it 
is possible to determine the 1Z(M, /x)'s and the Z r (M, /x)'s (Z r is defined as Z> above M 
and Z^r below it). By substituting M — > V XX^ and redefining 



n , yi/aA , 1 dlnZ r (X,Xly) F 2 \ 



the soft SUSY breaking terms, defined by 

Csoft = \{M X XX + h.c.) - m 2 Qr QlQ r ~ (j2 A rQrdQ r W(Q) + h.c. 



(69) 



(70) 



can be easily extracted: 



ldlnU(X, n) 
2 d]n\X\ 



X=M 



F 
M 



(71) 



presence of two different couplings is well explained in [36]. In particular while the holomorphic coupling 
has the nice property of renormalizing just at one loop, the real coupling is the canonically normalized one 
that actually couples to matter, thus giving the strenght of the interaction. 
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2 l dHnZ r (X,X\fi) 
~ "4 (dln\X\)2 



(72) 



A r( ,) = ain ^^ Xt '^ 



dlnlXl 



Ji ' (73) 



where in eq. ([73|) the permutation over the indices (rst) is understood. In the following 
sections we compute explicitly the wave function RG evolutions and extract the soft terms. 

Coupling evolutions 

As seen in equation f)Tl[) the fundamental ingredient to compute gaugino masses M is the 
knowledge of the X dependence of the real coupling 1Z. The latter can be easily obtained 
once the evolution of the holomorphic coupling S is known. 

Since we wish to calculate the X dependence of the holomorphic coupling at low energies 
we have to calculate its RG evolution from the high energy scale Ajjy down to the scale fi 
accross the threshold fix of the physical messenger scale [?] , 

A = ■ (74) 

The evolution can be split in two different regions, namely above (where quantities are 
denoted with the superscript >) and below (where quantities are denoted with the super- 
script <) the scale fix- The coupling at fix is related to the high energy one by the simple 
formula 

S>(fi x ) = S>(A) + ^ln^, (75) 

where b = 3Tq — and (j) runs over all the matter fields present in the theory at 

a certain scale; is the Dynkin index of the representation (f> (G refers as usual to the 
adjoint representation). Writing the equivalent formula below fix one obtains the low 
energy value of the holomorphic coupling after applying matching conditions at fix scale, 



s (") = s> w + i& 1 "x + i& 1 ^- < 76 > 



The relation between the holomorphic coupling and the interaction one is given by 

TZ(fi) = Re(s00) + |jj lnRe(sGu)) - E ^2 lnZ ^) > ( 77 ) 

r 

where by Re(5) we mean the real part of S and the Z r 's are the wave functions of the 
matter fields. From the previous considerations on S we can easily obtain the matching 
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condition 



K>^ x ) = ^>(A) + -^ln^| + i^ln— \ f 4 

167T A 87r Re(S>(A) 



ET r , Z>(fi x ) T M . Z M (p, x ) ,„ Q , 



8^ 2 Z>(A) 8vr 2 Z A ./(A) 
that yields for the low energy real coupling 



km = R > (M) + ^ ln 4 + ,„ Mf^J _ E * ln im_ . (79) 



Z r evolution 

The calculation of soft terms is just a step away: we still have to calculate the wave function 
renormalization dependence on X. Once we will have done that the whole determination 
of the SUSY breaking parameters will be straightforward. 

The RG evolution of the matter fields is strictly connected to the knowledge of the 7 
functions of the fields under consideration. In particular it is governed by the well known 
differential equation 

dlnZ r , . 

-5^-*. (80) 

The integration of such a differential equation across the scale fix is the simple task to 
obtain the wave function Z of the field r: indeed one gets 

hxZ r (p)= dtj>(t)+ dtj<(t,fi X ). (81) 

J A J fi x 

Soft terms 

All the ingredients for the determination of the soft SUSY breaking terms are now at our 
disposal, thus it is easy to perform the needed calculations. 

Gaugino masses 

As we saw in equation (|7ip gaugino masses are given by 

ld\nH(ji) F 



M x (ji) 



2 din \X\ M 
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It is easy to recast the derivation with respect to In |X| in the following way: 

d d In fix d 

d In \X\ d In \X\ d In fix 

As we saw in equation (|74p the scale fix is given by 

2 XX* 
Vx 



so that 



d In fix 



1 



d hi Zm(ij-x) . d\nZ M (fix] 



(82) 



1 



1 



7m- 



dhx\X\ dln\X\ din fix 

Calculating the gaugino mass is now just a matter of bookkeeping: 

'b> - b 



M x 



+ 



1 8 In fix d hi TZ(fi) F 1 
2«91n|X| ain/ix M " ~ 2K(fi X 

T G 1 fb> -b< 



1 



7m 



8^ 



-+ 



)"E|2(7, > -7<)-^7m 



(83) 



Sfermion masses 

The soft masses for the low energy fields of the theory are given by equation ([72 

Id 2 ]nZ r (fi) FFt 



m Q r {v) 



4 d \n\X\ 2 MMt ' 



thus we just have to deal with the derivatives of Z r as calculated in equation (181|) . The 
first derivative with respect to fix is 



d In Z r (fi) 
d In /ix 



and the second one is 

d 2 \nZ r {fj) 







d In fix 



I'X 



(*) + f 

Jftx 



dt-f<(t,fi X ) 



7?fc)-7^fe) + ^<i^ a7 • <(^ • M, 



, MX In fix 
/ ^, , ^, > \ dj<(t,fi X ) 



d \nfijf ® ^ n 



d In /zx 



(84) 



(85) 



Suppose we now consider the generic coupling A. Its RG evolution is controlled by the j3\ 
function defined through 

d A „ , , 

(86) 
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The formal solution of eq. ([86)) from the high scale Auv down to low energies across the 
scale fix is 

A(m) = A(Atfy) + / dtf3>(t)+ dtp<(t,nx). (87) 

J A J (j, x 

By means of the above equations we can easily translate the derivation with respect to the 
scale jjLx to the one with respect to the running couplings of the theory using the known 
(3 functions. In particular we obtain 



m 2 n 



where A7 r = 7^—7^ and A /3 a = f3<" — f3^ are defined to be the difference of the shown 
quantities above and below the \xx scale. 

Trilinears 

In order to complete the computation of the soft SUSY breaking terms we have to focus 
on the trilinears terms A rs t of equation (|68p . In general the computation of the latter 
can be obtained through the summation over the vertex corrections owed to the different 
fields involved in the interaction. In particular one obtains that for any of the field of the 
interaction it is possible to write, as shown in ([73]) . 



* VW dln\X\ M y ' 

that following the same procedure of the previos subsection yields 

M»)= (1-7^7^. (90) 

The trilinear soft term entering the lagrangian can now be easily obtained by summing 
the contribution coming from any of the vertices entering the diagram, thus the resulting 
SUSY breaking lagrangian term will be 

A rst QrQsQt = (l - 7w) ( E A ^ ^ d Qi W ^n^ ■ ( 91 ) 

\i=r,s,t / 

SUSY breaking contributions in our model 

In the following we write all the SUSY breaking soft terms in our framework calculated 
using the formulae just calculated. To easily spot the numbers of loop factors at which any 
of the following terms arise we use Lp = (47r) -2 . 
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Trilinears 



B^-Yike terms 



Gaugino masses 



A - L P h 2 V R 
■rt-u — "o 1 u J ->4 

A e = ^-h 2 Y e B 4 



Bfj, = Lph\[i B<p 



M 1 =Lp 2 gl\^hl + ^h 2 t j B 4 

M 2 =Lp 2 g\h 2 B 4> 
M 3 =Lp 2 g 2 h 2 B 4> 



Soft squared 


masses 






2(2) 

m q = 




Vjy d + y u tF u ) b 2 




2(2) 
m l = 


L P 2 h 2 y\y B 2 




2 (2) 
77V = 


Lp 2 h 2 Y u YlB\ 




2 (2) 

m d c = 


Lp 2 h 2 Y d Y\B 2 




2 (2) 

m e c = 


hp 2 h 2 Y e Y}B 2 




2 (2) 
m H u = 


LP \ 2 
2 h ° 




3/7? 


2 (2) 
m H d = 


LP \ 2 
2 




3/7? 



3Tr(yJy u ) -2r? 2 
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■;??„ 



2(3) 



2(3) 



■in 



2 (2) 



2 (2) 



2 (2) 



2 (2) 
m H„. 



LpHhl 



^9f + \gi - 2(Y}Y d Y}Y d + Y^Y U Y^Y U ) + 

\g\ + 3g 2 2 + - 3fcg - 3/i 2 - 2T7 2 ) (y u ty u + yjy d ) 



- (jjsi + 3 92 2 - 3^ - 3h 2 t - 2r} 2 ) Y^Y e 



LP {ho 

■5 
.3'' 



25 



g\ 



+ 2 {Y d Yj + Y u Y^Y u Y^+ 

+ 35 2 2 + y 5 3 2 " - 6^ - 4r? 2 ) y^ 
/16 



+ 



|< 7 t-2(y i y u t + y,yi)y i y d t + 



^ 1 2 + 3 52 2 + ^|-6^-6/ 1 2 -V 



+ 



LpHhl 



18 
25 



01 



? - 2/ l 2 y e y e tyy e t+ 



3g 2 + 3 5 2 - 6/i 2 - 6/i 2 - 4r? 2 )y e y e t 



^ - ^! - \g\ - \g\hl - Qglhl + 



Lp 3 lh 2 

'\g\ + 9<? 2 + 6 ff 2 - 15/i 2 - 9 Tr(y]y d ) - 3 



Tr(yjy d )+ 
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:g\ + 3g 2 2 - hh 2 + h 2 Tr(y e ty e )) Tx{Y^ e Y e ) + 9h 2 Tr(YjY u )+ 



3 TV(y e ty e r e ty e ) + 3 Tr^yy]^) + 9 Tr(y d f y d y]y d )+ 

9 T*(y„ty u y u ty u ) + h\ (1^ + |g£ - i6 5 2 + 3/* 2 + e^ 2 + 12^) + 



+ 7 ? 2 (^ 1 2 + 3 52 2 + 10^ + 8?7 2 



25' 



2 (2) 



13 



201 4 _ _9_ 2 2 _ 9 4 
100 ffl io 51612 4 52 



6 2,2 



6fli/ig + 9/iS+ 



- 5l 2 + 9g 2 + 16 5 2 - 15ft 2 - Tr(y u ty u )J Tr(y M ty u )+ 

+ 9Tr(yJy 1 y u ty 1 ) - 9Tr(yJy d yJy d ) - 3Tr(y e tyy e ty e )+ 

+ 9ft 2 Tr(y]y d ) + 3h 2 Tr(y e ty e ) + ft 2 (±g 2 + \g\ - 16 5 | + 3ft 2 



+ 



I + pW + 3aW + Wh 2 V 2 + 12h 2 V 2 + St? 4 



111) 



(112) 
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